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(57) Abstract: In one aspect, the invention relates to a lens (52) configured for optical coherence tomography imaging. The lens in-
cludes a substantially cylindrical body (52) having a longitudinal axis and includes a first end, an outer cylindrical surface, and a
beam directing surface at a second end, the substantially cylindrical body and the outer cylindrical surtace defining a trench (58) in
between the first end and the beam directing surface, the beam directing surface being oriented at an angle to the longitudinal axis,
and the trench being sized to accept an optical fiber. In another aspect, the invention relates to a molded lens that includes a cyl-
indrical solid having a second end encasing a first end of a metal tube having an optical fiber glued within the bore of the metal tube
and extending from the first end of the metal tube.



OPTICAL FIBER BEAM DIRECTING SYSTEMS AND APPARATUSES

FIELD OF THE INVENTION

[0001] The invention relates generally to the field of optics and more specifically to the field of

lenses for use with optical fibers.

BACKGROUND OF THE INVENTION

[0002] Optical analysis methods such as interferometric methods deliver light onto a sample of
interest, and further require collection of a portion of the light returned from the sample. Due to
the size and complexity of many light sources and light analysis devices, they are typically
located remotely from the sample of interest. This is especially apparent when the sample of
interest is an internal part of a larger object, such as biological tissue inside of a living organism.
One method of optically analyzing internal parts is to guide light from a remote light source onto
the sample using a thin optical fiber that is minimally disruptive to the normal function of the
sample due to the diminutive cross-section of the optical fiber. An example of such a method is
the optical analysis of a luminal organ, such as a blood vessel, using a fiber-optic catheter that is
connected on one end to a light source outside of the body while the other end is inserted into the

vessel.

[0003] A significant barrier to conducting optical analysis of internal regions, such as lumens, is
the design and low-cost manufacture of miniature optical devices for focusing or collimating
light. Many types of optical analysis, such as imaging and spectroscopy, require that the light
incident on the sample be focused at a particular distance or substantially collimated. Since light
radiating from the tip of a standard optical fiber will diverge rapidly, a miniature optical system
can be coupled to the fiber to provide a focusing or collimating function. Additionally, it is often
desirable to analyze a sample location that is not directly in line with the optical axis of the fiber,
such as the analysis of the luminal wall of a thin blood vessel. In these situations, a means for
substantially altering the direction of the light is used in addition to a means for focusing or

collimating the light radiating from the tip of an optical fiber.

[0004] Many methods have been previously described for manufacturing miniature optical

systems suitable for attachment to an optical fiber that provide some of the functionality
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described above. These methods generally provide a beam focusing means using one of three
methods: 1) using a graded-index (GRIN) fiber segment; 2) directly shaping the fiber tip into a
lens; or 3) using a miniature bulk lens. A beam directing means is generally provided using one
of four methods: 1) using total internal reflection (TIR) of light from the angled end face of the
fiber using an angled, reflective surface; 3) using a miniature bulk mirror; or 4) using a reflective
coating on the fiber tip. These methods, however, have numerous inherent limitations, including
excessive manufacturing cost, excessive size, or insufficient freedom to select the focal spot size

and focal distance.

[0005] There are many miniature optical systems known in the art that can be used for analysis
of internal luminal structures. Each optical system can be conceptually divided into a beam
fbcusing means and a beam directing means. Light is passed from an external light source to the
internal lumen through one or more optical illumination fibers, which may be single mode or
multimode in nature. The illumination fiber is in communicaﬁon with the miniature optical
system, which focuses and directs the beam into the luminal wall. Light is returned from the
lumen to an analysis apparatus outside the body using the same fiber, or using other fibers co-
located with the illumination fiber. In one type of miniature optical system design, the focusing
means and directing means are performed by separate optical elements. In another type of

design, the focusing means and directing means are performed by the same element.

[0006]  Several features of existing optical systems are undesirable. For example, in some
devices all of the optical elements must be of a diameter similar to the optical fiber (the diameter
often being similar to 125 um) in order to minimize the overall system size. This greatly reduces
the éﬁf{ons available for sélééting the focusing elerﬁent, beam expander, and beamedirector and
therefore limits the range of focal spot sizes and working distances achievable by the design.
Additionally, these extremely small elements are fragile, difficult to handle, and prone to break
during manufacturing and operation. Third, in many embodiments an air gap must be provided
in order to use TIR for beam redirection. This requires a tight seal to be maintained between the
fiber and the other element to maintain the air gap. This can be problematic when the device is
immersed in water, blood, or stomach acid, or when the device is rotated or translated at high
speed in order to form an image. Fourth, GRIN focusing elements have refractive index profiles
that are rotationally symmetric, making it impossible to correct for cylindrical aberrations

induced on the beam. The overall effect of these drawbacks is that certain miniature optical
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systems are expensive, difficult to manufacture, prone to damage, and do not produce a circular

output at the focal plane.

[0007]  Further, other approaches use fusion-spliced fiber segments, in conjunction with thin
layers of polymers and epoxies, to form a lens system through a molding process. However, the’
fabrication of molded lenses incorporating an annular end face and a bore hole are typically
problematic.  Generally, during injection molding, the bore hole is formed by a thin
(135um/220pm) core pin positioned in the mold and supported only on one side of the molding
tool. Problems arise, in part, because the core pin may deflect. Such a deflection can occur
when pressurized liquid polymer is injected into the mold and exerts force against the core pin.
If the force exerted is sufficiently high compared to the stiffness of the core pin, the pin deflects

and causes a molding defect in which the bore is irregular or bent at an angle.

[0008] In light of the various challlenges identified above and others, a need therefore exists for
optical lenses, assemblies, and related methods of manufacture that do not require a core pin

during manufacturer. The present invention addresses this need and others,

SUMMARY OF THE INVENTION

[0009] In one aspect, the invention relates to a molded lens for use with an optical fiber for
OCT imaging. In one embodiment, the molded lens includes a cylinder having a first end and a
second end, and defining a longitudinal axis. In another embodiment, the surface of the first end
of the cylinder is oriented at an angle to the longitudinal axis of the cylinder, and the second end

defines a trench. In another embodiment, the trench is sized to accept an optical fiber.

- [0010]  In one embodiment, the first end is a planar surface angled to reflect light received from
the optical fiber through the side of the cylinder by reflection. In another embodiment, the first
end defines a non-planar surface angled to reflect light received from the optical fiber by
reflection through the side of the cylinder and focuses that light at a location outside of the
cylinder. In yet another embodiment, the bore terminates in a flat surface oriented at an angle to
the longitudinal axis of the cylinder. In still yet another embodiment, the longitudinal axis of the
bore and the longitudinal center of the trench are concentric with the longitudinal axis of the
cylinder. In another embodiment, the lens is made of from a material selected from the group
consisting of acrylic, polycarbonate, polystyrene, polyetherimide, polymethylpentene, and glass.

In another embodiment, to reduce the injection pressures and the corresponding stresses on the
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tool during molding, a pourable resin is used to make the lens. It is then cured by chemical

reaction.

[0011] In another aspect, the invention relates to an OCT probe. In one embodiment, the OCT
probe includes an optical fiber having a first end adapted to be in communication with a light
source and a second end and defining a longitudinal axis; and a molded lens comprising a
cylinder having a first end and a second end, and defining a longitudinal axis, thé surface of the
first end of the cylinder being oriented at an angle to the longitudinal axis of the cylinder, and the
second end defining a trench or a bore, the trench and bore being sized to accept the optical fiber
optical fiber. In another embodiment, the optical fiber is held within the bore or the trench by
adhesive. In yet another embodiment, the first end of the cylinder is a planar surface angled to
reflect light received from the optical fiber through the side of the cylinder by reflection. In yet
another embodiment, the first end of the cylinder defines a non-planar surface angled to reflect
light received from the optical fiber by reflection through the side of the cylinder and focus that
light at a location outside of the cylinder.

[0012] In yet another embodiment, the surface of the second end of the optical fiber is oriented
at an angle relative. to }he longitudinal axis of the optical fiber. In still yet another embodiment,
the angle of the second end of the fiber relative to the longitudinal axis of the optical fiber is
substantially equal to the angle of the flat surface oriented at the angle to the longitudinal axis of 7
the cylinder. In one embodiment, the optical fiber is retained in the trench or the bore using an

adhesive having a refractive index matched to the material of the molded lens.

[0013] In yet another aspect, the invention relates to a molded lens for use with an optical fiber
for OCT ifnaging. In one embodiment, the molded lens includes a cylindrical solid having a first
end and a second end and defining a longitudinal axis, the surface of the first end of the
cylindrical solid being oriented at an angle to the longitudinal axis of the cylindrical solid and the
second end encasing a first end of a metal tube having an optical fiber glued within the bore of
the metal tube and extending from the first end of the metal tube. In another embodiment, the
first end of the cylindrical solid is a planar surface angled to reflect light received from the
optical fiber through the side of the cylindrical solid by internal reflection. In yet another

embodiment, the first end of the cylindrical solid defines a non-planar surface angled to reflect
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light received from the optical fiber by internal reflection through the side of the cylindrical solid

and focus that light at a location outside of the cylindrical solid.

[0014] In still yet another aspect, the invention relates to an OCT probe. In one embodiment,
the OCT probe includes an optical fiber having a first end, adapted to be in communication with
a light source, and a second end and defining a longitudinal axis; and a molded lens including a
cylindrical solid having a first end and a second end, and defining a longitudinal axis, the surface
of the first end of the cylindrical solid being oriented at an angle to the longitudinal axis of the
cylindrical solid and the second end encasing a first end of a metal tube having the optical fiber
glued within the bore of the metal tube and extending from the first end of the metal tube. In
another embordiment, the first end of the cylindrical solid is a planar surface angled to reflect
light received from the optical ﬁbér through the side of the cylindrical solid by internal
reflection. In yet another embodiment, the first end of the cylindrical solid defines a non-planar
surface angled to reﬂect\light received from the optical fiber by internal reflection through the

side of the cylindrical solid and focus that light at a location outside of the cylindrical solid.

[0015] In still yet another aspect, the invention relates to a lens. The lens includes a
substantially cylindrical body having a longitudinal axis and comprising a fiber receiving
endface defining a slot, an outer cyiindrical surface, and a beam directing surface, the
substantially cylindrical body and the outer cylindrical surface defining a trench in fluid
communication with the slot and disposed between the fiber receiving endface and the beam
directing surface, having a first end and a second end and defining a longitudinal axis, the beam
directing surface being oriented at an angle to the longitudinal axis, the trench being sized to
a‘ccei)t an optical fiber. In one embordir;lérilti,ﬁfhe invention relates to an intravascular imaging
probe that includes an optical fiber disposed in the trench of the lens. The optical fiber can be
disposed in a torque wire. In one embodiment, light exits an end face of the optical fiber in the

trench such that diverging light is received by the lens. The lens is a unitary structure in one

embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The structure and function of the invention can be best understood from the description
herein in conjunction with the accompanying figures. The figures are not necessarily to scale,

emphasis instead generally being placed upon illustrative principles. The figures are to be
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considered illustrative in all aspects and are not intended to limit the invention, the scope of

which is defined only by the claims.

[0017] Fig. 1 is a block diagram of an image data collecting system incorporating a lens in

accordance with an illustrative lens embodiment of the invention;

[0018] Fig. 2(a) is a perspective diagram of an illustrative lens embodiment of the invention;
| [0019] Fig. 2(b) is a longitudinal section diagram of the lens of Fig. 2(a);

[0020] Fig. 2(c) 1s a top view diagram of the lens of Fig. 2(a);

[0021] Fig. 2(d) is a side view diagram of the lens of Fig. 2(a);

[0022] Fig. 2(e) is a back view diagram of the lens of Fig. 2(a);

[0023] Fig. 2(f) is a front view diagram of the lens of Fig. 2(a);

[0024] Fig. 2(g) is a another perspective view diagram of the lens of Fig. 2(a);

[0025] Fig. 3 is photomicrograph of a molded lens in accordance with an illustrative

embodiment of the invention;
[0026] Fig. 4(a) is an OCT image of the lumen of a vessel taken with a lens;

[0027]  Fig. 4(b) is an OCT image of the lumen of a vessel taken with a molded lens in

accordance with an illustrative embodiment of the invention;

[0028] Fig. 5 is a schematic diagram of a mold for constructing a molded lens in accordance

with another embodiment the invention;

[0029] Fig. 6 is a side longitudinal section view of a molded lens constructed in accordance

with the embodiment of the invention shown in Fig. 5;

[0030] Fig. 7 is a side longitudinal section view of lens assembly configured to be molded with

a marker in accordance with another embodiment the invention;
[0031] Fig. 8 is a top longitudinal view of the probe of constructed with the assembly of Fig. 7;
[0032] Fig. 9is aside view of the probe of Fig. 8; and

[0033] Fig 10 is a side view of a lens that includes a marker in accordance with another

embodiment the invention.
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DETAILED DESCRIPTION

[0034] The development of advanced optical analysis or imaging methods such as confocal
microscopy, single- and multi-photon fluorescence imaging, harmonic imaging, optical
spectroscopy, and optical coherence tomography (OCT) have had a tremendous impact on
industrial inspection, fundamental biology studies, and in vivo imaging of animals and humans.
Although these methods are dissimilar in many ways, they share a common design feature that
the incident light used to illuminate the sample of interest be focused or collimated. Focused
light provides many advantages over unfocused light, including improved localization of incident
light for obtaining better spatial resolution, and higher optical power density for generating

increased signal levels.

[0035]. A focused or collimated beam is generated by directing the output of a light source
through a series of optical elements ti1at, together form an optical system. The elements of the
optical éystem are selected to achieve a desired focal spot size, which occurs at a desired
distance, referred to as the “working distance,” away from the last element in the optical system.
Each specific optical analysis application has its own optimal spot size and working distance.
Confocal microscopy, for example, requires small spot sizes close to 1 um. OCT, on the other

Hand, requires moderate spot sizes of about 5 — about 100 pm.

[0036] Although it is possible to obtain a wide range of spot sizes and working distances using
optical systems comprised of conventional bulk lenses, many applications require flexible and

miniaturized optical systems in order to analyze samples located inside of a larger object.

Biomedicine is one example of a field where this requirement is often found. The optical

analysis of luminal structures such as the esophagus, intestines, urinary tract, airway, lungs, and
blood vessels can use light from an external light source that is transmitted via a flexible probe,
focused with a miniature optical system, and returned through the flexible probe to a data

analysis system outside the body.

[0037] Furthermore, it is often desirable to analyze the luminal wall instead of the contents of
the lumen, for example imaging the intima and media of a blood vessel wall using OCT instead
- of imaging the blood contained in the vessel. This results in an additional design objective of
directing the beam away from the longitudinal axis of the optical system or along another

preferred direction (or range of directions). These types of optical probes are often referred to as
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“side-firing,” “side-directed,” “side-imaging,” or “side-looking.” The size of these lumens can
be as small as several millimeters, such as in blood vessels, making the design of the miniature
optical system quite challenging. In addition, the embodiments described herein are also suitable
for use with various multi-fiber or fiber bundle embodiments. The various embodiments
described below address these needs and others associated with probe components and beam

formation.
Exemplary Optical Fiber Beam Focusing Embodiments

[0038]  I[n part, the invention relates to a lens or optical element having an elongate three
~dimensional shape such as a substantially cylindrical solid. The lens defines a trench. The lens
and trench defined thereby are sized to receive an optical fiber portion and operatively direct and
focus light. The lens can be fixed to an optical fiber and used to both redirect and focus light
outside of the optical element and receive light from a sample of interest. In part, the invention
relates to methods for using and systems that include a given lens embodiment and an optical
fiber as part of an insertable probe. In turn, the probe can be used to conduct optical analysis of a

luminal structure inside a living body.

[0039] Other embodiments of the invention also relate to the design, manufacture, and use of
such devices for delivering focused or substantially collimated light to a sample, and returning a
portion of the light from the sample for processing with imaging or data collection systems. One
exemplary non-limiting example of such a system is an optical coherence tomography (OCT)
system. An exemplary OCT system is shown in Fig. 1 that that includes an exemplary optical

beam focusing element or lens according to an embodiment of the invention. =~
y -+

[0040] Lens-based assemblies and other beam directing optics can be used in a variety of
applications relating to inspection and diagnostics. As shown, in Fig. 1, one application for such
lenses and beam directing optics is OCT. OCT imaging catheters incorporate a beam director
such as an angled reflector or other beam directing element suitable for directing light onto the
interior walls of the coronary arteries. In general, an OCT imaging system includes a light
source 10 which transmits light into an interferometer 12, through an optical coupler 14
removably connected to an optical fiber 16. At the end of the fiber 16 is a lens 25 which
transmits light from the optical fiber 16 to the vessel 22 under study. The combination of optical

fiber 16 and lens 25 is termed the optical probe 20.
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[0041] Optical probe 20 rotates and thereby illuminates one scan of the wall of the vessel 22 in
one revolution. Light reflected from the vessel wall 22 is collected by the lens 25 and passed
through the optical fiber 16 to the interferometer 12. The resulting interference pattern is
detected and analyzed and the resulting image shown on a display 24. As shown, the _Iens
includes a trench 28 that is sized to receive optical fiber 16. An adhesive is typically disposed in

or above trench 28 to secure optical fiber 16 to lens 25.

[0042] In part, the invention relates to an elongate lens 25, as shown for example, in Figs. 2(a)-
2(f) configured to define an outer substantially cylindrical surface 52 having a trench 58 to
receive an optical fiber. As a result of the elongate optical element including a trench 58 that
allows an optical fiber to be received such as by dropping the fiber in the trench 58 the elongate
element avoids the use of a core pin used in the manufacture of prior art lenses and the

manufacturing problems associated therewith.

[0043] In one embodiment, the optical fiber received in the trench 58 of a given lens -
embodiment includes an optical fiber end face. The optical fiber disposed in the trench is
configured to send and receive optical signals. A light beam exiting the optical fiber endface
expands or diverges from the endface. In this way, fhe lens provides beaxﬁ directing or focusing
in lieu of using a GRIN lens with the optical fiber. Unlike the bore in the lens of the prior art,
which is bounded on all sides by the material of which the bore is formed or defined by, the fiber
receiving trench 58 has a slit or U-shaped appearance. That is, the trench 58 is partially bounded
by two walls of the trench and a bottom of the trench to form a slit or trench region for receiving

and bonding an optical fiber to the lens.

[0044] The bottom and walls of the trench can be curved or straight or combinations thereof in
one embodiment. In one embodiment, the trench defined by the lens has a width that ranges
from about 80um to about 300um such that the trench can receive an optical fiber. In one
embodiment, the trench defined by the lens has a length that ranges from about 0.2mm to about
3mm such that the fiber can be reliably glued into the trench. In oﬁe embodiment, the trench
defined by the lens has a height selected to position the center of the optical fiber along the
longitudinal axis of the lens. The trench is therefore configured to have height that is longer /
deeper relative to the width of the trench, such as for example shown the portion of trench

boundary. Similarly, in one embodiment, the width of the trench is configured to be narrower
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than the length of the trench such as shown by the distance between fiber receiving endface and
trench boundary portion. In one embodiment, the lens is made from a unitary material such as

by injection molding.

[0045] In more detail, and referring generally to Figs. 2(a)-2(f), the lens 25 includes a beam
transmission surface 50 also referred to as a front end or beam directing or beam focusing
surface. In Figs. 2(c) and 2(d), A is shown to indicate regions of light exiting surface 50 as a
result of light traveling in the optical fiber in the trench 58 along the longitudinal axis L of the
lens 25. In one embodiment, the beam transmission surface 50 is a generally flat surface or
substantially planar surface that is angled relative to the longitudinal axis of the lens L and
reflects and directs light from the optical fiber out through the side of the cylindrical body 52 of
the lens 25. In other embodiments, the front end surface 50 is curved to define a lens to focus the
light directed through the side of the cylindrical body 52 to a particular working distance. In one
embodiment, the beam directing surface 50 can be shaped to include, without limitation, one or
more of a biconic asphere, an asphere, a biconic Zernike, a Fresnel, and a non-uniform rational

B-spline.

[0046] In one embodiment, the diameter of the lens 25 increases at one or more transition
cross-sections between the beam directing surface 50 and the trench 58. Providing a step in the
diameter allows the lens to be inserted into other components of an imaging catheter, such as a
radio-opaque marker band, with a defined portion of the lens extending outside of the other

component.

[0047]  In one embodiment, the center of the trench 58 is concentric with the longitudinal axis
L of the C);]inder body 52. In oﬁe embodiment, the cylinder body 52 is a substantially cylindrical
solid having an endface 64 at one end and a beam transmission surface 50 at the other as shown
in Fig 2(f). Referring specifically to Fig. 2(c), the inner end face 64 of lens that is adjacent the
end face of the optical fiber (when installed in the trench) is also angled and highly polished to
reduce OCT image artifacts caused by light reflecting back into the fiber. The angle shown
between the longitudinal axis L and the straight line aligned with surface 50 in Fig. 2(b) ranges
from about 5 degrees to about 25 degrees in one embodiment. The optical fiber selected for
inclusion in the trench 58 is also angle-cleaved or angle-polished to reduce back-reflections in

one embodiment.

10
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[0048] In one embodiment, the optical fiber is secured in the trench 58 using an adhesive.
Referring also to Figs. 2(b), (d), (e), (f) and (g), the use of the open channel or trench 58 instead
of a bore hole leads to a reduction in air bubble formation when an optical fiber is secured into
the trench 58 as shown in Fig. 1. This is because air bubbles naturally vent upwards through the
open region of the trench 58 formed in the cylindrical body 52. When gluing the fiber into the
molded lens, an adhesive can be used that has a refractive index close to both the optical fiber
and the polymer used to fabricate the molded lens. Refractive index mismatches of the adhesive
should be avoided or reduced to the extent possible in order to reduce back reflections at optical

interfaces of materials of differing refractive indices.

[0049] Additionally, since the fiber is inserted into the trench, the lens design allows a catheter
to be constructed from a single contiguous piece of optical fiber with a contiguous, intact layer of
protective polyimide coating. The use of a fiber without stripped regions or fusion splices

maximizes the overall strength of the assembly and minimizes the likelihood of breakage.

[0050] In more detail, the trench is sized to receive a single mode optical fiber with a
protective coating, such as polyimide, typically with a total coated optical fiber diameter of about
105um to about 155pum. Because the trench 58 extends along a surface of the lens, the trench 58
can be formed by a solid fin of tool metal rather than a core pin for forming a bore as used in the
prior art. In one embodiment, the solid fin is unitary with the rest of the tool metal that forms the
top half of the molded lens. The trench forming fin is much stronger than.a core pin and
supported throughout its length and so does not deflect. This eliminates the core pin deflection

problem described above.

[6051] A photomicrograph of the molded lens, taken perpendicular to the trench, is shown in
Fig. 3. The trench 58 is shown as formed in cylindrical body 52. In between the first section of
the lens, which has a first cross-sectional diameter, the lens has a transitional region 70, in which
the first cross-sectional diameter steps up to a second cross-sectional diameter that includes a
subset of the trench 58. This transitional region or cross-section 70 is also shown in Fig. 2(b). In
one embodiment, the first cross-sectional diameter of the lens ranges from about 150um to about
800um. In one embodiment, the second cross-sectional diameter of the lens ranges from about

300um to about 1000um.
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[0052] Additionally, in one embodiment, the end face 64 of the lens as shown in Fig. 3(c), is
adjacent the trench 58 in order to reduce optical back-reflections. In one embodiment, the inner
endface 64 is angled relative to the longitudinal axis of the lens and polished to reduce back-
reflection. This is significant because OCT systems are sensitive to back-reflections as low as -
100dB (one part in 10'10) to -120dB (one part in 103, To achieye this level of back reﬂectioh,
the end face 64 is angled at between about 5 degrees and about 25 degrees and the end face
highly polished to a surface roughness of less than 30nm. The combination of angling and
polishing the end face 64 reduces optical back reflections to an acceptable level. In addition, the
end face of the optical fiber itself is either angle-cleaved or angle-polished at between S degrees

and 25 degrees to prevent back-reflections from the end of the fiber.

[0053] The manufacturing process can be further simplified by directly angle-cleaving the fiber
through the prbtective polyimide coating rather than mechanically polishing the fiber. Direct
angle-cleaving has the additional benefit of allowing the entire catheter to be constructed of a
single contigubus piece of fiber with a contiguous layer of protective polyimide coating (that is,
without stripped regions or fusion splices). Maintaining the integrity of the fiber and coating

throughout the catheter maximizes strength and reduces the likelihood of breakages.

[0054] The imaging performance of lenses described herein have been evaluated in an animal
study. Image quality was compared to a conventional lens design that used graded index optical
fiber segments for beam focusing and a total-internal-reflection air-glass interface for beam
direction. Sample images are shown in Figs. 4(a) and 4(b). The photomicrograph (Fig. 4(a))
shows a display of an OCT image of a vessel taken with a conventional lens design. Fig. 4(b)
shows a display of an OCT image of a vessel taken with an elongate molded lens cap having an
annular endface and a trench and avoids using a core pin during manufacture. As is clear from
the image on the right (Fig. 4(b)), the resultant image is brighter with increased resolution with

regard to subsurface details such as the dark regions shown in the top quarter of Fig. 4(b).

[0055] Referring to Fig. 5 in another embodiment, a molded lens is constructed by first
inserting an optical fiber 80 into a metal tube 84. One end 82 of the optical fiber 80 is positioned
so that it extends through and slightly beyond one end of the metal tube 84. This combination of
optical fiber and metal tube is glued together with adhesive 85 and then placed into a mold
assembly 86, 86°, 86’ (generally 86) which includes a shoulder 87 to keep the combination of
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metal tube 84 and glued fiber 80 from moving out of the mold 86. The fiber 80 is prevented
from pushing back because it is glued to the tube 84. Alternatively the fiber is held in place by a

press fit on the mold halves. This eliminates the need for the glue.

[0056] In addition, the front portion of the mold assembly 89 is polished to form an optical
surface on the lens. In this method, because the fiber 80 is not being held directly by the mold
86, the chance of damaging the fiber 80 is diminished. Further, because the combination of the
metal tube 84 plus fiber 80 is stiff, the location at which the plastic is put into the mold 86 can be
close to the polished surface 89 and the flow of plastic can be directed towards the metal tube 84.
Should the metal tube 84 break, it would not likely travel towards the polished surface 89 in the
mold 86 and damage it.

[0057] Referring to Fig. 6, the mold 86 is then filled with plastic or other lens material as
described previously. Once the lens plastic has solidified the optical fiber 80 and metal tube 84
assembly is removed from the mold 86. The optical fiber 80, metal tube 84 and lens 25 are then
made into an OCT probe.

[0058] In one embodiment, the optical fiber's outer diameter is about 0.006 inches, the metal
tube's inner diameter is about 0.0065 inches, and the metal tube's outer diameter is about 0.0095
inches. The outer diameter of the injection molded plastic lens is about 0.014 inches. The about
- 0.002 inch wall thickness of plastic around the metal tube is within the fabrication capabilities of
micromolding. The metal tube's about 0.0015 inch wall thickness is adequate for providing

stiffness over the short length of tubing that is inside the mold.

[0059] The metal tube 84 is a structl'lral support that prevents the fiber 80 from breaking at the
location at which the fiber 80 exits the molded lens 25. The tendency for the fiber 80 to fracture
at this point is caused in part by the large diameter difference between the fiber and the molded
lens that results in a large stiffness transition. Further, the molded lens 25 creates hoop stress on
the fiber 80 from the contraction of the plastic during the molding. This hoop stress normally
imparts additional stress on the fiber 80 where it exits from the mold 86. The metal tube 84

protects the fiber 80 from hoop stress at the proximal fiber exit from the mold 86, 86’.

[0060] In addition to protecting the region of the fiber 80 where the fiber 80 exits the mold 86,
the metal tube 84 also protects this region of fiber during use. That is, the fiber takes up the

tensile load of the rotating fiber image core during fiber image core pullback. Without the metal
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tube attaching the fiber 80 to the molded lens 25, the region of the fiber 80 for this force

transmission is only the length of the fiber 80 that is inserted in the molded lens.

[0061] The glue joint 85 between the fiber 80 and the metal tube 84 provides a larger surface
area for the tensile load force transmission. In addition, the metal tube 84 provides a stiffness
transition from the molded lens 25 to the fiber 80, further reducing the stress on the fiber 80.
The use of a smaller fiber, such as 80pm cladding OD, is also practical with this design. This is
useful because a smaller fiber will exhibit lower stresses when the assembly is put through a

bend in an artery, reducing the likelihood of breakage.

[0062] Also importantly, this mold method allows the plastic to encapsulate the end 82 of the
fiber face and thus make a good optical junction without glue within the optical path. Since the
end 82 of the fiber 80 extends past the metal tube, air is not likely to be trapped at the end of the
fiber, which could compromise the optical junction between the optical fiber face and the molded

lens. The end of the fiber may be angle cleaved to reduce the back reflection.

[0063] As shown in Fig. 7, in another embodiment, the lens 25 is insert molded into a
radiopaque marker 100 along with the optical fiber 80. As shown in Fig. 7 the unstripped fiber
80 is angle cleaved, inserted into a short section of tubing 84 and the tubing 84 is inserted into a
marker 100. This assembly in pushed against a fixture on the right side of Fig 8 (not shown) to
-align-these components. Glue 104, as shown, attaches the components. As discussed previously -
this assembly is inserted in the mold. The mold keys onto the ends of the marker 100 to locate it.
The mold is then filled with plastic to create the lens.

[0064] - The lens 25 is then.reﬂective coated, and a torque wire 108 or other torsiogal device is
slid inside the marker 100 and glued to the marker 100. This completes the assembly as shown

in Fig. 9.

[0065] It should be noted that the fiber 80 does not need to extend very far outside the tubing
84 because the primary connection between the fiber 80 and the lens is the marker 100. Only the
face of fiber needs to be molded to the lens. By selecting a low melting temperature plastic, the

tubing 84 melt bonds to the plastic lens. This helps the strength of the assembly.

[0066] In yet another embodiment, Fig. 10 the short section of tubing 84 may be eliminated. In
this embodiment instead of a torque wire 108, a very thick coating 120 on the fiber optic glass 80
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may be used as the torsional device. In this case the core of the fiber and the coating is simply
inserted in the marker 100 and the lens 25 then molded into the marker 100. The assembly is
thereby optically aligned during the molding process. This is a repeatable method of alignment.
The joint between the marker and the lens is very strong, making this assembly robust. Since the
face of the fiber is insert molded onto the lens, the optical path will not be affected by bubbles in

the glue. The elimination of the tube 84 therefore can allow for a smaller design overall.

[0067] The aspects, embodiments, features, and examples of the invention are to be considered
illustrative in all respects and are not intended to limit the invention, the scope of which is
defined only by the claims. Other embodiments, modifications, and usages will be apparent to

those skilled in the art without departing from the spirit and scope of the claimed invention.

[0068] The use of headings and sections in the application is not meant to limit the invention;

each section can apply to any aspect, embodiment, or feature of the invention.

[0069] Throughout the application, where compositions are described as having, inbluding, or
comprising specific components, or Whefe processes are described as having, including or
comprising specific process steps, it is contemplated that compositions of the present teachings
also consist essentially of, or consist of, the recited components, and that the processes of the
present teachings also consist essentially of,‘ or consist of, the recited process steps.

[0070] In the application, where an element or component is said tobe included in"and/or ~
selected from a list of recited elements or components, it should be understood that the element
or component can be any one of the recited elements or components and can be selected from a
group consisting of two or more of the recited elements or components. Further, it should be
understood that elements and/or features of a composition, an apparatus, or a method described
herein can be combined in a variety of ways without departing from the spirit and scope of the

present teachings, whether explicit or implicit herein.

[0071] The use of the terms “include,” “includes,” “including,” “have,” “has,” or “having”
should be generally understood as open-ended and non-limiting unless specifically stated
otherwise,

[0072] The use of the singular herein includes the plural (and vice versa) unless specifically

[19 2%

stated otherwise. Moreover, the singular forms “a,” “an,” and “the” include plural forms unless
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the context clearly dictates otherwise. In addition, where the use of the term “about” is before a
quantitative value, the present teachings also include the specific quantitative value itself, unless

specifically stated otherwise.

[0073] It should be understood that the order of steps or order for performing certain actions is
immaterial so long as the present teachings remain operable. Moreover, two or more steps or

actions may be conducted simultaneously.

[0074] Where a range or list of values is provided, each intervening value between the upper
and lower limits of that range or list of values is individually contemplated and is encompassed
within the invention as if each value were specifically enumerated herein. In addition, smaller
ranges between and including the upper and lower limits of a given range are contemplated and
éncompassed within the invention. The listing of exemplary values or ranges is not a disclaimer

of other values or ranges between and including the upper and lower limits of a given range.

[0075] It is to be understood that the figures and descriptions of the invention have been
simplified to illustrate elements that are relevant for a clear understanding of the invention, while
eliminating, for purposes of clarity, other elements. Those of ordinary skill in the art will
recogrﬁze, however, that these and other elements may be desirable. However, because such
elements are well known in the art, and because they do not facilitate a better understanding of
-the invention, a-discussion of such elements is not provided herein. It should be appreciated that
the figures are presented for illustrative purposes and not as construction drawings. Omitted
details and modifications or alternative embodiments are within the purview of persons of

ordinary skill in the art.

[0076] The invention may be embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing embodiments are therefore to be
considered in all respects illustrative rather than limiting on the invention described herein.
Scope of the invention is thus indicated by the appended claims rather than by the foregoing
description, and all changes which come within the meaning and range of equivalency of the

claims are intended to be embraced therein.

[0077] What is claimed is:
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CLAIMS

1. A lens comprising:

a substantially cylindrical body having a longitudinal axis and comprising a first

end, an outer cylindrical surface, and a beam directing surface at a second end,

the substantially cylindrical body and the outer cylindrical surface defining a
trench in between the first end and the beam directing surface, the trench defining an

inner endface,

the beam directing surface being oriented at an angle to the longitudinal axis,

and

the trench being sized to accept an optical fiber, wherein the optical fiber rests

within the trench.

2. The lens of claim 1 wherein the beam directing surface is a planar surface

angled to direct light received from the optical fiber outside the lens.

3. The lens of claim 1 wherein the beam directing surface defines a non-planar
surface positioned to direct light received from the optical fiber such that the light is

focused outside of the lens.

4. The lens of claim 1 wherein the trench defines a longitudinal axis and the
longitudinal axis of the substantially cylindrical body is concentric with the
longitudinal axis of the trench, wherein the inner endface is angled relative to the

longitudinal axis of the trench to reduce back reflections into the optical fiber.
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5. The lens of claim 1 further comprising an optical fiber secured in the trench

using an adhesive.

6. A rotatable optical coherence tomography probe comprising:

an optical fiber having a fiber endface adapted to be in communication with a

light source and having a second end and defining a longitudinal axis; and

a molded lens comprising a cylinder having a first end and a second end and
defining a longitudinal axis, the surface of the first end of the cylinder being oriented at
an angle to the longitudinal axis of the cylinder and the second end defining a trench,
the trench being sized to accept the optical fiber such that the optical fiber rests within

the trench,

wherein the optical fiber is held within the trench by adhesive, the trench
defining an inner endface, wherein the inner enface is angled relative to the longitudinal

axis of the trench to reduce back reflections into the optical fiber.

7. The optical coherence tomography probe of claim 6 wherein the surface of the
second end of the optical fiber is oriented at an angle relative to the longitudinal axis of

the optical fiber.

8. The optical coherence tomography probe of claim 7 wherein the angle of the
second end of the fiber relative to the longitudinal axis of the optical fiber is
substantially equal to angle of the flat surface oriented at the angle to the longitudinal

axis of the cylinder.
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9. The optical coherence tomography probe of claim 6 wherein the optical fiber is
retained in the trench using an adhesive having a refractive index matched to the

material of the molded lens.

10.  The optical coherence tomography probe of claim 6 wherein the first end is a
planar surface angled to reflect light received from the optical fiber through the side of

the cylinder by reflection.

11.  The optical coherence tomography probe of claim 6 wherein the first end
defines a non-planar surface angled to reflect light received from the optical fiber by
internal reflection through the side of the cylinder and focus that light at a location

outside of the cylinder.

12.  The optical coherence tomography probe of claim 6 wherein the molded lens

has a cross-section having a diameter that ranges from about 150 pm to about 800 um.

13. The optical coherence tomography probe of claim 12 wherein the diameter

changes at a transition region within the trench.

14.  The optical coherence tomography probe of claim 12, wherein the optical fiber

and molded lens rotate together in response to the optical fiber rotating.
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15.  The lens of claim 1 wherein the trench has a cross-section having a diameter

that ranges from about 150 pm to about 800 pm.

16.  The lens of claim 15 wherein the diameter changes at a transition region within

the trench.
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